Contraction transitions of F1-F0 ATPase during catalytic turnover  by Syroeshkin, Anton V et al.
Contraction transitions of F1-F0 ATPase during catalytic turnover
Anton V. Syroeshkin a, Lora E. Bakeeva b, Dmitry A. Cherepanov c;*
a Institute of Immunology, Moscow, Russia
b A.N. Belozersky Institute of Physico-Chemical Biology, Moscow State University, Moscow, Russia
c A.N. Frumkin Institute of Electrochemistry, Russian Academy of Sciences, Leninskii prosp., 31, 117071 Moscow, Russia
Received 9 June 1998; received in revised form 21 September 1998; accepted 2 October 1998
Abstract
Strong acoustic pressure was applied to submitochondrial particles (SMP) from bovine heart in order to drive ATP
synthesis by F1-F0 complex for the account of sound waves. We observed a net ATP production at two narrow frequency
ranges, about 170 Hz and about 340 Hz, that corresponds to the resonance oscillations of experimental cuvette when the
acoustic pressure had a magnitude of 100 kPa. The results can be explained quantitatively by contractive conformational
changes of F1-F0 complex during catalytic turnover. Negative staining electron microscopy of SMP preparations was used to
visualize the ADP(Mg2)-induced conformational changes of F1-F0 complex. In the particles with high ATPase activity in
the presence of phosphate the factors F1 and F0 formed a congregated domain plunged into the membrane without any
observable stalk in between. The presence of ADP(Mg2) caused a structural rearrangement of F1-F0 to the essentially
different conformation: the domains F1 and F0 were dislodged distinctly from each other and connected by a long thin stalk.
The latter conformation resembled well the usual bipartite profile of ATPase. The data indicate that besides rotation, the
catalytic turnover of ATP synthase is also accompanied by stretch transitions of F1-F0 complex. ß 1998 Elsevier Science
B.V. All rights reserved.
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1. Introduction
The F1-F0 ATPase/synthase catalyzes vWH-gener-
ating ATP hydrolysis or vWH-driven ATP synthesis
in the coupling membranes of mitochondria, chloro-
plasts and bacteria. The soluble domain F1 includes
¢ve types of basic subunits in the stoichiometry
3K :3L :1Q :1N :lO and few minor subunits [1^3]. One
complex F1 can bind six molecules of nucleotides
[4,5] but only three of the six binding centers may
rapidly exchange nucleotides with the solution. The
latter centers are considered as being catalytic [6].
The hexagonal arrangement of three KL-hetero-
dimers around two coil-coiled K-helices of the Q-sub-
unit has recently been revealed by X-ray di¡raction
analysis of soluble F1 [7]. The catalytic centers are
disposed in the middle part of L-subunits. The do-
main F0 is a proton-conducting component of ATP-
ase embedded in the membrane. In bacteria, F0 con-
sists of three di¡erent subunits in the proportion
1a :2b :(9^12)c, but in bovine heart mitochondria
the structure is more complicated [8,9]. A high reso-
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lution structure of F0 has not been obtained, but the
results of electron and atomic force microscopy sup-
port a ring-type arrangement of 12 c subunits £anked
by one a and two b subunits [10^12]. A bipartite
structure of F1-F0 had been inferred by electron mi-
croscopy [13,14]. Recently it has been shown that the
two portions of holoenzyme are linked by two sepa-
rate long stalks [15,16]. The main central shaft is
composed by Q and O subunits of F1, OSCP and
factor F6 [17,18] while the second peripheral stalk
is formed by b and N subunits [19^21].
The intact complex F1-F0 promotes the transmem-
brane proton £ux through the domain F0, transmit-
ting the free energy of protons at a distance of ap-
prox. 5 nm to the domain F1 where ATP is
synthesized. There are two supplemental concepts
concerning the mechanism of ATP synthesis by F1.
According to the ¢rst one, the ATP molecule is very
tightly bound to the enzyme and may be formed
isoenergetically from ADP and phosphate [22]. The
protonmotive force provides the dissociation of syn-
thesized ATP [23]. According to the second concept,
all three catalytic sites of F1 operate consecutively,
realizing the complex negative binding and positive
catalytic cooperativity [24]. The latter concept has
been con¢rmed by observations that the distal part
of the Q-subunit contacts sequentially each of the
three L-subunits in the 3K :3L hexamer [25]. The uni-
directional rotation of F1 around the Q-subunit dur-
ing ATP hydrolysis has been con¢rmed by polarized
absorption recovery after photobleaching [26] and
directly visualized using a macroscopic £uorescent
label attached to the Q-subunit [27]. According to
the widely accepted concept of energy transmission
between F1 and F0, the subunits a, b2, N and (KL)3
form a stator portion of holoenzyme while the com-
plex of c12, O and Q subunits operates as a rotor [28].
The counter-clockwise rotation of the Q-subunit with-
in (KL)3 by 120‡ is apparently coupled with the syn-
thesis of one ATP in F1 and with the transfer of four
protons through F0 [29].
Besides rotation, the mushroom structure of the
enzyme also allows a stretch transition of F1-F0 com-
plex. Because the membrane portion of the enzyme
has the apparent symmetry C12 while the headpiece
obeys the functional symmetry C3, a torsional twist-
ing of the central shaft should also be accompanied
by its longitudinal contraction. Both types of move-
ment may complement each other constituting the
worm-gear device that conjugates the proton transfer
through F0 with the cooperative ATP synthesis by
F1. The conformational changes of F1-F0 complex
had been postulated previously to explain the unidi-
rectional inhibition of ATPase by ADP(Mg2) and
other inhibitors [30,31]. In this work we corroborate
the functional contractility of ATPase by demonstra-
tion of the fact that strong acoustic pressure applied
to the uncoupled submitochondrial particles caused
the net ATP synthesis. The essential stretching of F1-
F0 was also con¢rmed by means of electron micro-
scopy of submitochondrial particles.
2. Materials and methods
The standard submitochondrial particles (SMP)
with high hydrolytic activity (A-particles) were pre-
pared from bovine heart mitochondria as described
[32] and stored in liquid nitrogen (suspension of 30^
40 mg of protein per ml in 0.25 M sucrose).
ADP(Mg2)-inhibited SMP (N-particles) were pre-
pared from the same material by a similar protocol
in parallel to A-particles, except for the presence of
10 WM ADP, 5 mM MgCl2, 0.2 mM NaN3, 20 mM
Tris-HCl (pH 8.0), and 0.1 mM EDTA during the
preparation. Protein concentration was determined
by the biuret procedures. The comparative character-
istics of A- and N-particles are summarized in Table 1.
2.1. Electron microscopy of SMP
The suspensions of SMP were thawed and diluted
(1.5 mg/ml) at room temperature (+20‡C) to the mix-
ture containing 0.25 M sucrose, 0.1 M KCl, 0.1 mM
EDTA, 1 mM malonate, 10 mM Tris-HCl (pH 7.4)
and preincubated for 1 h. The mixtures of A-par-
ticles contained in addition 5 mM KH2PO4, the mix-
tures of N-particles included 2 WM ADP, 5 mM
MgCl2, and 0.1 mM NaN3, respectively. The nega-
tive staining of SMP was prepared using 4% aqueous
solution of phosphotungstic acid (pH value kept at
7.4 by concentrated ammonia). The SMP investiga-
tions were carried out with the electron microscope
Hitachi H-700.
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2.2. Acoustically induced ATP synthesis
Acoustically induced ATP synthesis was forced by
the standard acoustic setup consisting of a generator
of sinusoidal signals, an ampli¢er, an acoustic repro-
ducer and an experimental Petri dish ¢xed by a thick
plexiglass support. The cuvette (diameter of 10 cm,
height of 2 cm) was made of 2 mm thick glass and
was tightly covered by a polystyrene cap (thickness
of approx. 1.4 mm). The cuvette was entirely ¢lled
with the solution without any air beads; leakage was
prevented by the special spacer and clamps. The bor-
der of the cuvette was immovably ¢xed by the sup-
port and clamps. Axes of the acoustic oscillator and
the cuvette were coincident, the distance between the
bottom of the dish and the top of the woofer did not
exceed 15 mm.
The reaction mixture in the cuvette contained:
SMP (0.08 mg/ml), 0.25 M sucrose, 0.1 M KCl, 20
mM KH2PO4 (pH 8.0), 5 mM MgCl2, 1 mM ADP,
0.1 mM EDTA, 1 mg/ml bovine serum albumin, 3
WM rotenone, 1.5 mM NADP, 10 mM glucose, 30
units/ml of hexokinase, 10 units/ml glucose-6-phos-
phate dehydrogenase. The cuvette was sounded for
30 min in a special acoustic room. The electrical
power supplied to the acoustic oscillator was approx.
2 W. All experiments were made at +20‡C, the tem-
perature being controlled during the whole period of
acoustic treatment. The net ATP production was
measured optically at 340 nm using the coupled re-
duction of NADP. The background ATP synthesis
due to the adenylate kinase reaction was measured
with the same reaction mixture being kept outside
the acoustic room in similar conditions.
3. Results
Several biochemical observations indicate that the
catalytic turnover of ATP synthase may be con-
nected with conformational transition of F1-F0 com-
plex in the direction normal to the membrane plane.
For example, the a⁄nity of ATPase to the tightly
bound ADP or ATP essentially decreased in response
to the creation of vWH at the coupling membranes
[23,33]. The transmembrane potential also altered the
stability of F1-F0 itself [34]. We assumed that the
release of tightly bound ATP from the active site
of F1 [22] is coupled with the contraction of F1-F0
complex. In such a case, external pressure applied to
SMP after addition of ADP and phosphate may
cause the approach of F1 to F0 and, thereby, induce
ATP synthesis.
To corroborate this hypothesis, we applied strong
acoustic pressure to the suspension of submitochon-
drial particles as described in Section 2. Using the
maximal intensity produced by the acoustic genera-
tor we observed two peaks of ATP synthesis at ap-
prox. 170 and approx. 340 Hz, as shown in Fig. 1. In
the peaks the net rate of ATP production driven for
the account of acoustic waves was 10 and 8 nmoles
per min per mg of SMP protein, respectively, exceed-
ing twice the background ATP synthesis due to ad-
mixture of adenylate kinase (4 nmoles per min per
mg of SMP protein). At other frequency values cov-
ering the interval from 20 to 450 Hz, ATP synthesis
did not exceed zero value within the range of exper-
imental error. It is worthwhile to emphasize that the
A-particles used in the acoustic experiments were un-
coupled and could not drive vWH-dependent ATP
synthesis without coupling of SMP by preincubation
with the substoichiometric amount of oligomycin
[35]. The concentration of F1-F0 in the preparations
was measured by titration with oligomycin (see Table
1). The average turnover rate of ATP synthesis was
30 times per minute (0.5 Hz), so only a small fraction
of enzyme (less than 0.25%) produced ATP during
one period of pressure oscillation.
Fig. 1. The net ATP synthesis by uncoupled A-particles driven
for the account of acoustic waves as a function of the generator
frequency.
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Inasmuch as the catalytic circle of ATP synthase is
connected with conformational transitions of F1-F0,
the enzyme might be prepared in di¡erent conforma-
tions by varying the concentrations of its ligands
(ATP, ADP, Mg2 and phosphate). We applied the
negative staining method of electron microscopy to
investigate the conformation of ATPase in submito-
chondrial particles of two types: hydrolytically active
preparations containing 5 mM KH2PO4 without
added nucleotides (A-particles, Fig. 2), and similar
preparations where the hydrolytic activity was inhib-
ited by the presence of 2 WM ADP and 5 mM MgCl2
(N-particles, Fig. 3). The biochemical characteristics
of the preparations are summarized in Table 1.
F1-F0 complexes in N-particles had the typical
mushroom pro¢le: the distinct spherical caps (the
domains F1) were linked to the membrane by long
pronounced stalks (Fig. 3A). The conformation of
ATPase in A-particles was considerably di¡erent as
shown in Fig. 2: the stalks were not visible, the do-
mains F1 were pressed to the membrane and the
apparent surface of A-particles resembled a ‘poppy
cake’. The observable size of united F1-F0 complex
Table 1
Comparative characteristics of two types of SMP preparations
Type of activity (Wmol min31 mg31)
A-SMP N-SMP
ATP synthase 0.00 (0.25)a 0.26 þ 0.03
ATPase 3.5 0.00 (2.8)b
Succinate oxidasec 0.14 0.12
The ATPase and succinate-dependent ATP synthase activities
were measured by stoichiometric proton release using pH indi-
cator phenol red at 30‡C and pH 8.0 as described previously
[44]. The SMP preincubation media were similar to those used
for electron microscopy (see Section 2).
aThe ATP-synthetic activity of A-particles obtained by substoi-
chiometric coupling by oligomycin (0.2 nmoles/mg of the pro-
tein) is shown in parentheses. The concentrations of F1-F0 in
A-SMP and N-SMP preparations measured by oligomycin titra-
tion were 0.33 and 0.27 nmoles/mg of protein, respectively.
bThe ATP-hydrolytic activity of N-particles measured when the
preparations had been preincubated with 5 mM KH2PO4 for
1.5 h in order to reactivate ATPase is shown in parentheses.
cSuccinate oxidase activity was measured with a Clark electrode
at +20‡C.
Fig. 2. Electron microphotographs of the hydrolytically active
SMP preparations (A-particles). The incubation medium con-
tained 0.25 M sucrose, 0.1 M KCl, 0.1 mM EDTA, 1 mM mal-
onate, 10 mM Tris-HCl (pH 7.4) and 5 mM KH2PO4. The F1-
F0 complexes (indicated by arrows) look like conjoint domains
plunged into membrane without visible stalks between F1 and
F0. A and B represent two di¡erent views on the same prepara-
tions.
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in A-particles was greater by a factor of 1.4 than the
diameter of the single F1 domain in N-particles.
To make clear the phenomenon of ‘stalkless’ en-
zyme, we performed a computer averaging of several
F1-F0 images. Although membrane itself is hardly
visible by negatively staining electron microscopy,
its orientation could be easily detected by the collo-
cation of F1-F0 complexes in focal plane. We selected
those SMP fragments where the plane of the mem-
brane was orthogonal to the focal plane, so the ro-
tatory axis of neighboring F1-F0 complexes lay
strictly in the focal plane. Then we chose the total
of ten border fragments of A-particles and 12 N-par-
ticles, respectively, that included at least three F1-F0
complexes arranged at a similar distance from each
other. The images were superimposed by a specially
designed computer routine using Powell’s algorithm
of non-linear optimization [36]. The resulting images
of F1-F0 complexes from A- and N-particles are
shown in Fig. 4A and B, respectively. The stalks
were very clearly seen in ADP(Mg2)-inactivated
preparations but they were totally hidden in the ac-
tive form of the enzyme. The united F1-F0 domains
apparently form the rugged external surface of A-
particles.
Fig. 3. Electron microphotographs of ADP(Mg2)-inhibited
SMP (N-particles). The same incubation medium as in Fig. 1
except for the presence of 2 WM ADP, 5 mM MgCl2 and 0.1
mM NaN3 instead of 5 mM KH2PO4. Note the bipartite pro-
¢les of F1-F0 complexes and the separate arrangement of F1
relative to the membrane fragments. A and B give two di¡erent
sights on the same materials.
Fig. 4. The generalized ¢gures of F1-F0 complexes in SMP
membranes obtained by computer averaging of ten images of
A-particles (A) and 12 images of N-particles (B). See technical
details in the text.
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4. Discussion
The detection of the rotatory motion of the Q-sub-
unit in the (KL)3-hexamer [25^27] can be rationalized
using the X-ray di¡raction structure of isolated F1
domain [7]. However, the molecular mechanism of
how the internal rotation within F1 is coupled to
the vector proton £ux through F0 remains so far
unclear. The uptake of 22Na into F0 liposomes
against 23Na counter£ow in the experiments with
Na-dependent ATPase of Propionigenium modestum
revealed a carrier-type mechanism of F0 operation
and excluded a channel mechanism [37]. In total,
the synthesis of one ATP requires the energy of
four protons transferred across the membrane [38^
40]. According to the rotatory model of ATPase,
protons are transferred sequentially by the randomly
moving c12-oligomer [28,29]. The strong dependence
of the rate of ATP synthesis on the concentration of
protons both inside and outside of F1-F0 containing
proteoliposomes indicates, however, that more than
two protons are transferred simultaneously by the
membrane portion of the enzyme [41]. The functional
dynamics of ATP synthase may combine therefore
both the rotational movement (stator-rotor relation-
ship) and the contraction of F1-F0 complex (worm-
gear operation).
4.1. Conformational mobility of ATPase
The results of electron microscopy presented in
this work revealed a substantial di¡erence in the ar-
rangement of F1-F0 complex in the hydrolytically
active and ADP(Mg2)-deactivated submitochon-
drial particles from bovine heart (compare A- and
N-particles in Figs. 2 and 3, respectively). The con-
formation of F1-F0 in the N-particles resembled the
usual mushroom shape of the enzyme [13]: the edge-
to-edge distance between F1 and F0 was approx. 3 nm
and both factors were connected by a long stalk
which was assigned mainly to the Q-subunit [14]. In
the A-particles, the factor F1 approached the mem-
brane, the stalk was not visible, and the diameter of
the united domain was 1.4 times greater than the size
of F1 alone. Because of the restricted resolution of
electron microscopy, we could not determine pre-
cisely the extent of F1-F0 contraction in the A-par-
ticles. The recent results from electron microscopy of
solubilized and negatively stained mitochondrial F1-
F0 show three novel features in the holoenzyme
structure: a smaller peripheral stalk, a wide collar-
like structure between F1 and F0 domains, and an
additional portion on top of F1 [42]. A relatively
weak contraction of F1-F0 by the distance of 1 nm
might bury the collar structure into the membrane so
the stalk between F1 and F0 became invisible.
The di¡erent conformations of F1-F0 complex may
be responsible for the di¡erent stability of ATPase
under the sonication treatment: as shown in Table 1,
N-particles were capable to synthesize ATP without
oligomycin additions being apparently less de¢cient
by the factor F1. These data are in accordance with
the observation that generation of vWH strongly de-
creases the stability of F1-F0 complex [34]. The con-
formational mobility of F1-F0 may re£ect the func-
tional rearrangement of the enzyme structure
accompanying the transmembrane proton transfer
trough F0.
4.2. Transmembrane shuttling of F1-F0 ATPase/
synthase
Fig. 5A illustrates the carrier-type operation of
ATP synthase. According to the results of electron
microscopy, the binding of ADP and Mg2 to F1
¢xes the extended conformation of F1-F0 (denoted
further by the symbol ‘A’). We assume that the sub-
units c of F0 may be partly involved in the stretching
and constitute the proton-translocating machine. The
DCCD-binding carboxyl group located in the middle
part of subunit c [43], may act as a proton-transfer-
ring group of the carrier. The deprotonated and pro-
tonated states of the latter are speci¢ed by the in-
dexes ‘0’ and ‘1’, respectively. In state A the subunits
c can exchange protons with the internal mitochon-
drial solution (the external environment of SMP)
that is denoted as A1HA0 transition. Formation of
tightly bound ATP from ADP and phosphate in the
domain F1 occurs isoenergetically and does not re-
quire proton transfer through F0. We assume that
this reaction is coupled to the contraction of F1-F0
complex that is represented as A0HB0 transition. In
state B the factor F1 comes closer to F0 and the
subunits c can take up protons from the external
mitochondrial compartment or from the internal
bulk of SMP (B0HB1 transition). The ¢nal step of
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the catalytic circle is the release of ATP from the
enzyme driven for account of transmembrane proton
transfer by the gradient of electrochemical potential
(B1CA1 transition). The latter process is the ener-
getically unfavorable stage of ATP synthesis and
may be considered as slow relative to the other fast
stages. As long as the transmembrane proton trans-
fer is the rate-limiting stage of the process, the rate
of ATP synthesis would be proportional to the sta-
tionary concentration of state B1. The latter, in its
turn, is determined by the product of three equi-
librium constants, K10UK00UK01, that should be
greater than unity. Such a relation requires that: (i)
the pK value of A is lower than the pH of the mi-
tochondrial matrix; (ii) the pK value of B is higher
than the pH of the external mitochondrial compart-
ment; and (iii) the equilibrium A0HB0 is shifted
towards state B0. Under these conditions, the relative
concentration of state B1 is about 100% and the pro-
ton £ux through F0 is e¡ectively coupled with the
ATP synthesis.
Let us reverse the £ux arrows in Fig. 5A and con-
sider the ATP hydrolysis as shown in Fig. 5B. When
enzyme operates as ATPase, the driving force of
ATP hydrolysis is utilized for the proton transfer
against the gradient of the transmembrane potential
(A1CB1 transition). In this case, however, the rate
of the process is determined by the concentration of
the state A1 that is small at the condition
K10UK00UK01E1. The inequality of the forward
and back reactions does not violate thermodynamics
because we consider a non-equilibrium proton £ux in
the framework of mesh cycling kinetics. To improve
the e⁄ciency of the hydrolysis, the product
K10UK00UK01 should be less than unity. This may
be achieved by shifting the equilibrium B0HA0 to-
wards state A0, increasing the pK value of A and
decreasing the pK value of B.
Thus, we reach the following conclusions: (1) if
F1-F0 operates as a proton carrier, the enzyme could
not e¡ectively work as ATPase and ATP synthase
simultaneously; (2) if the factor F1 participates in
the proton shuttling, the steady-state distance be-
tween F1 and F0 would be di¡erent in ATPase and
in ATP synthase. The results of the previous works
[30,31,44] corroborate the ¢rst proposition. The sec-
ond conclusion is consistent with the electron micro-
photographs presented in Figs. 2 and 3.
4.3. Acoustical e¡ects and ATP synthesis
Inasmuch as functioning of ATPase, besides rota-
tion, is also accompanied by F1-F0 contraction tran-
sitions, the latter may be registered acoustically at
1006300 Hz, the working frequency of the enzyme.
In this work we demonstrated that a strong acoustic
pressure applied to A-particles could cause the net
ATP synthesis in the conditions where the transmem-
brane potential was absent. It is worthwhile to ana-
lyze the physical mechanism of how the acoustic
Fig. 5. The scheme of carrier-type operation of F1-F0 ATPase where the synthesis (A) or hydrolysis (B) of ATP is accompanied by
the contraction of F1-F0 complex. One turnover of F1-F0 is coupled with the transmembrane transfer of four protons. The scheme
does not consider the interactions of the alternative binding sites and rotation of F1. The details are described in the text.
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pressure can drive the ATP production by F1-F0
complexes.
The submitochondrial particles could be repre-
sented as spherical capsules with an average radius
of approx. 200 nm [13] suspended in the oscillating
liquid. Due to the small dimensions, the particles
were completely captured by the oscillating water
and should be considered as immobile relatively to
the latter. Because the frequency of acoustic oscilla-
tions was at least six orders of magnitude slower
than the possible frequency range of F1-F0 self-vibra-
tions, we do not consider further the molecular de-
tails of F1-F0 motion. The single assumption will be
made that the catalytic turnover of ATP synthase
involves contraction of F1-F0 complex so the factor
F1 gets to be partly plunged into the membrane. The
driving force of F1-F0 contraction in this model is
the pressure-induced changes of the membrane sur-
face area accompanying the sinking of F1. We esti-
mate the respective changes of free energy after the
analysis of acoustic vibrations of the experimental
cuvette.
4.4. Acoustic self-oscillations of the cuvette
The Petri dish with uncoupled A-particles was
closed to the auditory oscillator by a special rigid
support. The main portion of the acoustic £ux
passed through the dish area of approx. 8U1033
m2. The output power of the acoustic generator
was approx. 2 W (calculated by the alternating elec-
tric current and voltage supplied to the oscillator) so
the average intensity of acoustic waves near the dish
surface was approx. 250 W m32. Arranging the axis
x normally to the wave front, the displacement of air
particles may be approximated by the plane wave1 :
Nxt  x0e3igt3kx 1
Here g is the working circular frequency of the gen-
erator and k =g/c is the wave number in air (only the
real part of equations is considered conventionally in
hydroacoustics). The velocity of oscillating air par-
ticles, v(x,t), and the acoustic pressure outside the
dish, p(x,t), can be written as:
vx; t  D
Dt
Nx  3igx0e3igt3kx; 2
px; t  bcvx; t  3ibcgx0e3igt3kx; 3
where b is the air density and c is the velocity of
acoustic wave in air. The maximal velocity v0 in a
plane wave is connected with the intensity I by the
equation I = 1/2bcv20. Using this formula, we ¢nd the
maximal displacement of air particles near the sur-
face of the dish, x0W1033 m, the velocity v0W1 m/s,
and the pressure p0W430 Pa. The oscillating air par-
ticles also induced elastic vibrations of the cuvette. In
the case of resonance, the working frequency of the
acoustic generator matched the self-frequency of the
cuvette so the latter vibrated approximately with the
same amplitude as the surrounding air. At other fre-
quency values the amplitude of cuvette vibrations
was much lower than the amplitude of air displace-
ment. The self-frequency of acoustic vibrations of a
circular cuvette and the amplitude of pressure inside
was calculated using the theory of elasticity com-
bined with the solution of hydrodynamic equation
(see mathematical details in Appendix A). The lowest
self-frequency of the dish was found to be about
2U103 s31, that is close to the lowest experimental
resonance frequency (103 s31). The amplitude of
acoustic pressure inside the dish was found as high
as 100 kPa, much greater than the acoustic pressure
outside the cuvette.
4.5. Pressure-induced changes of SMP surface area
The oscillating pressure p changed in the interval
of þ 105 N/m2 and caused the isotropic water com-
pression vV/VW1034. The surface area of water
sphere with a radius of approx. 200 nm decreased
at this pressure by approx. 30 nm2 (or by less than
0.01%). However, lipid membrane is essentially more
compressible than water itself and the hydraulic pres-
sure, when applied to the suspension of submito-
chondrial particles with the same dimensions, would
cause the additional decrease of the membrane sur-
face vS, pressing some quantity of internal water out
of the membrane vesicle. The compressibility of
membrane is expressed through the elastic area com-
1 As a matter of fact, the acoustic oscillations of the cuvette
could not be described properly by the plane waves: the ampli-
tude of oscillations was maximal in the central part of the dish
and diminished to zero at the margins where the dish was ¢xed by
the support (see Appendix A for details).
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pressibility modulus2, K, that was determined for the
red cell membrane as 0.45 N/m [46].
The free energy of the liquid and the membrane
together is expresses by the sum of two terms:
W  3pUHmUvS  K vS
2
2US0
4
Here Hm is the membrane thickness (approx. 5 nm)
and S0 is the equilibrium area of the SMP membrane
(approx. 5U105 nm2). The ¢rst term is the work of
the external pressure decreasing the total volume of
the system, and the second term is the work of mem-
brane tension against the decrease of membrane sur-
face vS. According to this equation, the external
pressure of 2U105 N/m2, when applied to the liquid,
causes the decrease of the membrane area by 103 nm2
(or by approx. 0.2%) and the decrease of the vesicle
volume by 105 nm3. However, as this process is con-
nected with the water movement through the lipid
bilayer, it is relatively slow. The characteristic time
of water ejection can be easily calculated as follows.
The net transmembrane volume £ow is given by the
formula Jv=LpS0vp, where Lp is the hydraulic con-
ductivity, and vp is the driving force of the £ow [47].
The hydraulic conductivity of membrane was meas-
ured as 10314 m s31 Pa31 [48] while the driving force
can be calculated using Eq. 4:
vp  DW
DvS
U
DvS
DvR
U
1
S0
 32UpUHm
R0
The transmembrane £ow Jv is therefore about
5U10323 m3 s31, and the characteristic time of mem-
brane contraction is 2 s, much slower than the pres-
sure oscillations (5 ms).
We can now calculate the decrease of free energy
accompanying the immersion of the factor F1 into
the membrane. As the radius of F1 domain is ap-
prox. 4 nm [14], its burying into the membrane re-
duced the membrane surface by 50 nm2. According
to Eq. 4, this area contraction decreased the free
energy of the system by 30 kJ/mol, that is close to
the value required for ATP synthesis. Thus, the
acoustic pressure inside the oscillating dish seems to
be su⁄cient to drive F1-F0 catalytic turnover in SMP
membranes that rationalizes the observable reso-
nance peaks of ATP synthesis shown at Fig. 1.
4.6. Comparison with other models
It is worth comparing the results of this work with
previous concepts of ATPase operation. According
to the model proposed by Skulachev and Kozlov in
the 70s, the ATPase operates as an ATP/ADP carrier
with the domain F1 being partly plunged into the
membrane [49]. This hypothesis was based on a num-
ber of facts indicating a sunk position of F1 moiety
in certain ATPase preparations. Results of our work
corroborate this group of observations supplement-
ing the current views on the ‘stator-rotor’ relation-
ship between F0 and F1 domains. Our interpretation
in some aspects also resembles the concept developed
by Krupka in order to explain the coupling between
transmembrane charge transfer and scalar character
of ATP hydrolysis by E1/E2 ATPases [50]. According
to the latter, conformational changes of myosin and
Ca2-ATPase are coupled with changes of ATP
binding a⁄nity. Further investigations need to clarify
the conformational changes accompanying ATP hy-
drolysis by ATPase and molecular details of the F1-
F0 operation.
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Appendix A. Acoustic vibrations of the elastic ring-
shaped cuvette
The circular Petri dish used in the acoustic experi-
ments (radius R = 5 cm, height H = 2 cm) can be
represented as a sandwich-type cylindrical structure
where two elastic circular plates sheathe the liquid
intermediate layer. The glass bottom of the cuvette
had thickness h1W2 mm, elasticity module
E1 = 5U1010 N/m2, and was substantially more in-
2 The modulus K connects the surface tension of the mem-
brane, T, and the relative decrease of the surface area, vS/S0 :
T = K(vS/S0) (see, for example, [45]).
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£exible than the polystyrene cap (h2W1.4 mm,
E2 = 5U109 N/m2). We are seeking stationary radi-
al-symmetric vibrations of the dish (i.e. the resonance
oscillations) taking into account the interaction of
transversal elastic vibrations of the plates with lon-
gitudinal acoustic waves inside the solution3. The
movement of plates is described in polar coordinates
by two similar di¡erential equations [51] :
bihi
D2ui
Dt2
 Q iv2v2ui  pir; t A1
Here ui is the normal displacement of the plate
bottom (i = 1) or cap (i = 2) relative to its equilibrium
position, pi is the acoustic pressure of liquid at the
bottom of the dish or at the cap, respectively, bi is
the plate density, and v2 is the two-dimensional La-
place operator in polar coordinates that, in the case
of radial symmetry, has the form
v2  D
2
Dr2
 1
r
D
Dr
The cylindrical in£exibility of circular plate Qi is giv-
en by the relation
Q i  Eih
3
i
1213c2i 
A2
where Ei is the elasticity module and ci is the Poisson
coe⁄cient of the plates. As the margins of the dish
were ¢xed by the support, the displacement u
matched zero at the boundary:
uiR; t  0 A3
The acoustic waves inside the solution are de-
scribed by the scalar acoustic potential x complying
with the wave equation:
D2x
Dt2
 c2 v2  D
2
Dz2
 
x A4
The velocity of oscillating particles, v, and the acous-
tic pressure, p, are expressed through x by the rela-
tions: v =3gradx, p =b(Dx/Dt). If both plates of the
cuvette are made from the same material, the cuvette
may oscillate by two di¡erent ways: bending oscilla-
tions, anti-symmetric with respect to the middle
plane of the cuvette, and symmetric ones, changing
the total volume of the cuvette. In our case, however,
the bottom and the cap had essentially di¡erent in-
£exibility, so, the self-vibrations of the cuvette com-
bine both types of movement. The boundary condi-
tions require that the lateral velocity of the liquid
was zero at the outer border of the dish:
3
Dx
Dr
MrR  0 A5
Besides, the normal velocity of liquid matched the
velocity of plates at the dish surfaces:
Du1;2
Dt
 3Dx
Dz
Mz0H A6
In resonance all parts of the system oscillate with
the same circular frequency g and one can write: ui
(r,t) = ai(r)Usin gt, x(r,z,t) = P(r,z)Ucos gt. Substi-
tuting these expressions into Eq. A1 and Eq. A4, we
obtain:
3bihig2  Q iv2v2air  bgPr; zMz0H A7
v2  D
2
Dz2
 k2
 
Pr; z  0 A8
where k =g/c. The general solution of Eq. A8 meet-
ing the boundary condition (Eq. A5) can be ex-
pressed as a series of orthogonal Bessel functions
(see, for example, [52]):
Pr; z 
Xr
m0
Am cos Wmz  Bm sin WmzJ0kmr
A9
where km is the mth root of the equation
DJ0kmr
Dr
MrR  0;
and Wm is de¢ned by the relation: W2m  k23k2m. The
functions ain can be expanded into the analogous
series:
air 
Xr
n1
ain J0Vnr A10
These expressions satisfy the boundary conditions
(Eq. A3) when J0(VnR) = 0. Substituting Eq. A9
and Eq. A10 into Eq. A6, we ¢nd the in¢nite system
of linear equations determining the coe⁄cients Am,
3 In the case of resonance we can neglect the acoustic pressure
of air that is much lower than the pressure inside the cuvette.
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Bm, and a
i
n :
g
Xr
n1
a1n J0Vnr  3
Xr
m0
WmAm sin WmH
Bm cos WmHJ0kmr
g
Xr
n1
a2n J0Vnr 
Xr
m0
WmAm sin WmH3
Bm cos WmHJ0kmr A11
The functions J0(Vnr) and J0(kmr) are orthogonal at
the interval [0,R] with weight r :Z R
0
J0VnrJ0Vkrrdr  Vn; n  k0; ngk j

Z R
0
J0kmrJ0klrrdr  W m; m  l0; mgl j

Multiplying Eq. A11 by J0(kmr)r and integrating
within [0,R], we ¢nd:
Am 
g
X
n1
a2n 3a1n Umn
2W mWm sin WmH A12
Bm 
3g
X
n1
a2n  a1n Umn
2W mWm cos WmH A13
where Umn =
R
R
0 J0(Vnr) J0(kmr)rdr. Substituting Eq.
A12 and Eq. A13 into Eq. A7, we obtain the system
of homogeneous linear equations
Q1V4k3b1h1g2a1k Vk  bg2
X
n1
X
m0
a2n  a1n 
tan WmH  a2n 3a1n  cot WmH
UmkUmn
2W mWm
Q2V4k3b2h2g2a2k Vk  bg2
X
n1
X
m0
a2n  a1n 
tan WmH3a2n 3a1n  cot WmH
UmkUmn
2W mWm
(k = 1, 2, ...) which can be resolved with regard to aik
only if the determinant of the system is equal to zero.
Although the system includes an in¢nite number of
terms, they converge fast both by the indexes n and
m, and in practice we could use only a small number
of terms (summation by ¢rst ten terms in n (V1, ...,
V10) and by 21 terms in m (W0, ..., W20) yields an
accuracy higher than 1035). Numeric solution re-
vealed somewhat higher values of the two lowest
resonance frequencies (g1 = 2396 c31 and g2 = 3162
c31) than found in the experiment (1070 c31 and
2010 c31). The discrepancy might be caused by sev-
eral reasons, such as: (i) inaccuracy in the model
parameters, (ii) moderate £exibility of the support
Fig. 6. The amplitude of acoustic pressure inside the experimen-
tal cuvette at the bottom (solid line) and at the top (dashed
line) calculated by the self-consistent solution of the elasticity-
hydroacoustics equations. The abscissae show the distance from
the center of the cuvette (cm), the ordinates represent the am-
plitude of pressure.
Table 2
First ten harmonic coe⁄cients of the oscillating plates calculated for the lowest resonance frequency of the circular cuvette
i 1 2 3 4 5 6 7 8 9 10
a1i 1.00 31.85U10
32 2.17U1033 35.43U1034 1.89U1034 38.0U1035 3.9U1035 32.1U1035 1.2U1035 37.5U1036
a2i 1.25 0.828 36.22U10
32 1.47U1032 35.0U1033 2.1U1033 31.0U1033 5.5U1034 33.2U1034 1.9U1034
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(the latter was assumed to be in£exible in the calcu-
lations), (iii) interaction between woofer and dish
self-oscillations. It is worthwhile to note that the rel-
ative value of the third resonance frequency was pre-
dicted to be much higher compared to the second
one (g3 = 9385 c31).
The amplitude of pressure oscillations in the cu-
vette can be obtained using the harmonic displace-
ments of the plates, aik . Their relative values were
calculated for the lowest resonance frequency g1 and
summarized in Table 2. The amplitude of plate dis-
placement was determined by the displacement of air
(1033 m). The acoustic pressure in the cuvette was
calculated using the harmonics aik and shown in Fig.
6 by solid (bottom) and dashed (cap) lines, respec-
tively. In the middle part of the dish the pressure had
a magnitude of 100 kPa. One can see that the ¢rst
component of the bottom displacement, a11 , and two
components of the cap, a21 and a
2
2 , had the same
magnitude and were much higher than all other
terms. This indicates that the volume of the dish
changed substantially during vibrations.
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